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Environmentally compliant organic-inorganic hybrid coatings for efficient corrosion protection of metallic surfaces are 
potential alternatives to the current method based on chromate passivation. In this context PMMA-siloxane-silica (PMMA-
SS) hybrid films were prepared using the sol-gel process from the radical copolymerization of methyl methacrylate and 3-
(trimethoxysilyl)propyl methacrylate followed by acidic hydrolysis and polycondensation of tetraethoxysilane (TEOS), 
under variation of the ethanol to H2O ratio (0.0 – 1.0). The structural properties of about 2 µm thick coatings, deposited by 
dip-coating onto carbon steel, were related with their corrosion protection efficiency. The correlation of data obtained by 
X-ray photoelectron spectroscopy, nuclear magnetic resonance and small angle X-ray scattering has shown for 
intermediate ethanol to H2O ratios the highest connectivity (~83%) of the inorganic phase, bonded covalently to organic 
moieties, yielding a dense and homogeneous nanocomposite structure with high thermal stability, very good adhesion to 
the metallic substrate and excellent barrier properties. The electrochemical impedance spectroscopy measurements have 
shown for coatings prepared at intermediate e EtOH/H2O ratios a high corrosion resistance of almost 10 GΩ cm
2, which 
remained unchanged for more than 6 months in contact with 3.5 % NaCl solution and more than 3 months exposed to 
acidic NaCl environment. 
Introduction 
Organic-inorganic hybrid nanocomposites stand for a class of 
materials, which combine components with different 
characteristics, resulting in a system that does not represent 
only the sum of properties of the individual parts, but a new 
material with unique features. The blend of organic and 
inorganic phases, linked on the molecular scale, combines 
properties of processability, flexibility and hydrophobicity of 
the polymeric compounds with thermal, chemical and 
mechanical stability of the ceramic materials. The high 
flexibility of the sol-gel process in terms of variability of the 
nature and proportion of precursors, including specific 
dopants, results in hybrid nanocomposites with tunable 
properties, allowing their application in drug delivery systems, 
optical and electrical devices, catalysis, photochromic systems, 
protective coatings, etc.1,2 The conventional synthesis of this 
multifunctional material is based on the hydrolytic 
condensation of the inorganic phase, together with the 
polymerization of the organic precursor, resulting in physical 
interaction and/or chemical bonding between both 
constituents. In the latter case, the introduction of a coupling 
agent, leads to the formation of class II hybrid presenting 
covalent bonds between organic and inorganic component.
1,3
  
More specifically, the combination of polymethyl methacrylate 
(PMMA) with silica backbone leads to the inclusion of the 
polymeric phase into the pores of the inorganic network, 
resulting in a dense material, suitable for corrosion protection 
application. Recent studies have shown that protective 
coatings, based on PMMA-siloxane-silica hybrids (PMMA-SS), 
are excellent candidates for an efficient and environmentally 
compliant protection of metallic surfaces.
4,5
 This is related to 
the highly cross-linked inorganic structure, which harbors the 
polymeric phase, thus providing elevated thermal and 
mechanical stability and excellent adhesion to metallic 
substrates. The PMMA phase, covalently bonded to the silica 
network hermetically seals the structure and provides a 
hydrophobic character to the coating, blocking the diffusion of 
corrosive agents, thus preserving the integrity of the metallic 
substrate.
5,6
 
Especially in the case of exposure to a medium containing 
chloride, the corrosion resistance of the metallic surface is 
strongly affected, with a tendency to suffer generalized 
corrosion. The consequence is the loss of aesthetic appearance 
and structural integrity, leading to problems with safety and 
high costs for the substitution of damaged parts.
7,8
 In the 
aviation industry and many household appliances, where 
aluminum and different ferrous alloys are largely used, the 
common based passivation method is still the application of 
chromates, involving harmful hexavalent chromium species. In 
this context, organic-inorganic hybrid coatings have a great 
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potential to serve as environmentally correct substitutes for 
chromate, providing a long-term protection of various metal 
alloys (steel, aluminum, magnesium, etc.) used in aerospace, 
automotive and offshore industries. In addition to their 
excellent corrosion protection efficiency, other aspects favor 
the use of organic-inorganic hybrids, among which should be 
highlight the mild synthesis conditions provided by the sol-gel 
method, the low costs of production, environmental 
compatibility and the low temperatures needed to cure the 
coatings.
4,9
 
Considering the great potential of PMMA-SS hybrids as 
protective coatings, this work focuses on the investigation of 
the sol-gel synthesis parameters on the formation of the 
hybrid network. A better understanding of the effect and interplay 
of different preparation conditions on the formation of the hybrid 
network is crucial for a further improvement of the barrier 
properties of the material. After establishing in a previous study the 
best proportion between the polymeric and silica phase yielding 
for the MMA to TEOS ratio of 4 a highly ramified hybrid network, 
this paper focuses on a further improvement of the structure by a 
careful adjustment of the sol-gel conditions in direct feedback to 
detailed structural results obtained by a number of complementary 
characterization techniques.
5
 One important parameter is the 
ethanol to water ratio (EtOH/H2O), which controls the kinetics of 
the hydrolysis and condensation reactions, taking place during the 
formation of the inorganic phase. The aim of this work was to 
determine the best conditions for the formation of highly cross-
linked silica nodes, covalently interconnected with short 
polymeric chains, providing a high overall connectivity of the 
hybrid network. This was achieved by correlating structural 
data obtained from X-ray photoelectron spectroscopy (XPS), 
29
Si nuclear magnetic resonance (NMR), small angle X-ray 
scattering (SAXS), with results obtained from mechanical 
electrochemical measurements. The corrosion protection 
efficiency was investigated by electrochemical impedance 
spectroscopy (EIS) after long-term immersion in acidic and 
neutral saline solution. The mechanical properties of the 
coatings were investigated by scratch tests and 
nanoindentation, while the surface morphology was studied 
using atomic force microscopy (AFM). 
 
Experimental 
Following commercially available reagents were used as 
received: tetraethylorthosilicate (TEOS, Sigma-Aldrich), 3-
methacryloxypropyltrimethoxysilane (MPTS, also known as 
TMSM, Sigma-Aldrich), ethanol (Sigma-Aldrich), 
tetrahydrofuran (THF, Sigma-Aldrich), nitric acid (Sigma-
Aldrich) and benzoyl peroxide (BPO, Sigma-Aldrich). The 
methyl methacrylate (MMA, Sigma-Aldrich) was distillated to 
remove the inhibitor of polymerization. The polymethyl 
methacrylate-siloxane-silica samples were prepared using the 
sol-gel route in following sequence: First the MMA and the 
coupling agent (MPTS) were polymerized in THF using the 
thermal initiator (BPO) during 2 h at 70 °C under magnetic 
stirring. Then, the inorganic component of the hybrid was 
prepared by hydrolysis and condensation of silicon alkoxide 
(TEOS). The hydrolysis of TEOS was carried out in ethanol 
solution by addition of acidified water (pH = 1) using nitric 
acid. After 1 h of stirring at 25 °C in a closed flask, the 
suspension was mixed with the polymer solution forming a 
homogeneous and transparent sol used for film deposition. 
Considered as the most suitable precursor ratio for the 
synthesis of corrosion protection coating, the MMA to MPTS 
molar ratio of 4 (reference sample M4) was kept constant. The 
ethanol to H2O proportions were 0.0, 0.1, 0.2, 0.5, 0.7 and 1.0, 
denoting the samples as M4E00, M4E01, M4E02, M4E05, 
M4E07 and M4E1. All other ratios were kept constant: H2O/Si 
= 3.5, BPO/MMA = 0.01 and TEOS/MPTS = 2.0.
5
  
For EIS, AFM, scratch test, nanoindentation, adhesion, XPS and 
thickness measurements, coated A1010 carbon steel 
substrates (25 mm x 25 mm x 4 mm) were used, having a 
nominal composition (wt %) of C = 0.08 to 0.13%, Mn = 0.3 to 
0.6%, P = 0.04% and S = 0.05%, with the balance of Fe. The 
deposition of hybrid coatings was performed by dip-coating, 
applying 3 dips at a withdraw rate of 14 cm min
-1
. For SAXS 
and TG analysis unsupported films were prepared on Teflon 
support. The coated substrates and unsupported hybrids were 
annealed at 60 °C for 24 h and finally cured at 160 °C during 3 
h which ensured a complete polymerization of the hybrid 
structure.
4
 For NMR measurements the dried unsupported 
films were milled to powder. 
The coatings thickness was determined using Filmetrics F3-CS 
optical interference system. The adhesion of the films to the 
steel surface was evaluated by the ASTM D4541 method using 
a Posi-Test Pull-Off Adhesion Tester (De Felsko), determining 
the tensile pull-off force of detaching. AFM measurements 
were carried out using the tapping mode of the Agilent 5500 
instrument. The topography images (0.3 x 0.3 µm
2
)
 
were used 
to obtain the coating surface roughness. 
Scratch tests were performed using a Scratch Tester (CSM) 
with a diamond tip (2 µm) with conical/spherical geometry. 
The tests were carried out on a track of 1 mm with progressive 
loading from 0.3 to 100 mN to evaluate scratch resistance and 
adherence of the coatings. During the scratch test different 
stages of deformation and the corresponding critical loads 
were determined from optical microscopy images. 
Nanoindentation were conducted using an Ultra-
nanoindentation tester (CSM) with maximum force of 500 mN 
in 4 different regions, contact time of 60 s and a penetration 
depth of about 200 nm. 
29
Si and 
13
C magic-angle spinning nuclear magnetic resonance 
(MAS-NMR) spectra were recorded using a VARIAN 
spectrometer operating at 300 MHz and 7.05 T. The Larmor 
frequency was 59.59 Hz and 75.42 Hz for 
29
Si and 
13
C, 
respectively. The spectra were obtained from the Fourier 
transformation of the free induction decays (FID), following a 
single π/2 excitation pulse and a dead time of 2 s. Chemical 
shifts were referenced to tetramethylsilane (TMS), used as 
external standard. The 
13
C spectrum of MMA was obtained in 
liquid state, using chloroform (CDCl3) as solvent, to compare 
the chemical shifts. The uncertainty in the chemical shift 
values was estimated to be less than 0.5 ppm. 
The SAXS measurements of unsupported hybrid films were 
performed using the SAXS 2 beam-line at the National 
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Synchrotron Light Laboratory (LNLS) in Campinas, Brazil. An 
asymmetrically cut and bent Si(111) crystal was used to focus 
horizontally the monochromatic X-ray beam (λ = 0.1608 nm). 
The scattering intensity I(q), collected with a two-dimensional 
X-ray detector (Pilatus, 300k, 84 mm x 107 mm), was 
determined as a function of the modulus of the scattering 
wave vector q = 4π/λ sinθ, θ being half of the scattering angle.  
With sample-to-detector distance fixed at 0.8 m, the scattering 
vector, q, was varied between 0.2 and 4.8 nm
-1
. The parasitic 
scattering was subtracted from the total scattering intensity. 
The resulting curves were corrected to account for the effects 
related to the detector sensitivity and sample transmission. 
The TG curves of samples were recorded using a SDT Q600 (TA 
Instruments) thermal analysis system, with nitrogen as purge 
gas at a flow rate of 100 mL min
-1
. About 7 mg of the 
unsupported films were heated in alumina crucibles and at a 
rate of 10 °C min
-1
 up to 600 °C. 
The XPS analysis was carried out at a pressure of less than 10
-7
 
Pa using a UNI-SPECS UHV instrument. The Mg Kα line was 
used (hν = 1253.6 eV) and the analyzer pass energy for the 
high-resolution spectra was set to 10 eV. The inelastic 
background of the C 1s, O 1s and Si 2p spectra was subtracted 
using Shirley’s method. Due to sample charging, the binding 
energy scale was corrected using ester component of PMMA 
(C 1s) fixed at 288.8 eV. The composition was determined with 
an accuracy of ±10% from the ratio of the relative peak areas 
corrected sensitivity factors of the corresponding elements. 
The spectra were fitted without placing constraints using 
multiple Voigt profiles. The width at half maximum (FWHM) 
varied between 1.2 and 2.1 eV and the accuracy of the peak 
positions was ±0.05 eV. To guaranty a consistent 
interpretation of structural and electrochemical data, XPS 
analysis was performed also on unsupported films, used for 
NMR, SAXS and TG, and coated carbon steeel. The obtained 
results confirmed the identity of both materials. 
The electrochemical measurements of the bare and coated 
carbon steel samples were carried out for different immersion 
periods at 25 °C in 80 mL of naturally aerated and unstirred 
0.05 mol L
-1
 H2SO4 + 0.05 mol L
-1
 NaCl aqueous solution and in 
neutral 3.5% NaCl aqueous solution. For impedance 
measurements an Ag/AgCl/KClsat electrode, connected to the 
working solution through a Luggin capillary, was used as 
reference, and a Pt grid as the auxiliary electrode. To minimize 
high-frequency phase shifts in impedance measurements it 
was used a fourth Pt electrode connected to the reference 
electrode through a 0.1 μF capacitor. The working electrode 
was mounted in an electrochemical flat cell, exposing a 
geometric area of 1 cm
2
 to the solution. The EIS measurements 
were performed after different immersion periods in saline 
and saline/acidic solutions using a Potentiostat/Galvanostat 
EG&G Parc-273A and a Frequency Response Analyzer 
Solartron-SI 1260. The EIS tests were performed applying 10 
mV (rms) to the open circuit potential (EOC) value, starting 
from 10
4
 to 10
-2
 Hz with 10 points/decade. For all samples, EOC 
was measured for 15 min and then the impedance spectra 
recorded. To guarantee the reproducibility of the results all 
electrochemical measurements were performed in duplicate. 
Results and discussion 
Structural features 
Using the sol-gel process PMMA-SS hybrids were prepared by 
the simultaneous hydrolitic condensation of the inorganic 
phase and the polymerization of organic species. As the 
hydrolysis and condensation process of TEOS liberates ethanol, 
the initial EtOH/H2O ratio is an important phase formation 
factor, which influences kinetics of the well-known hydrolysis 
and condensation reactions (Supporting Information, Scheme 
S1). Consequently, the addition of alcohol in the hydrolysis 
reaction shifts the chemical equilibrium in the opposite 
direction of the reactions (Supporting Information, Equation 1 
of Scheme S1). On the other hand, TEOS and water form a 
biphasic system (polar and nonpolar) and the addition of small 
volumes of ethanol acts as co-solvent favoring the 
homogenization of water (polar) and TEOS (nonpolar) mixture 
and the formation of a single liquid phase. Therefore, it is 
expected that ethanol acts as a dispersion agent enhancing the 
uniformity of distribution of silicon species into the continuous 
liquid phase.
10
 
To investigate polymerization degree of the organic phase of 
the hybrids nanocomposites the 
13
C solid state magic-angle 
spinning nuclear magnetic resonance (MAS-NMR) was applied, 
(Figure 1a). The comparison of the resonance signals of the 
MMA reference with those obtained for M4E00, M4E05 and 
M4E1 samples indicates a complete polymerization of the 
organic phase. The shift of the peaks b → b’ and a → a’ to 
lower ppm values evidenced the formation of a quaternary 
carbon atom and an aliphatic CH2 group, respectively, caused 
by the loss of the vinylic double bond.
11
 Another consequence 
is the small up-shift of the ester (c → c´) and –CH3 groups (d → 
d´ and e → e´). The aliphatic C-Si, CH2 and C-O groups of MPTS 
are located at about 12 ppm, 28 ppm and 60 ppm, 
respectively
5
, and the signal at 117 ppm (•) is related to a 
spinning side band.
12
 
The connectivity of the silica network was studied using 
29
Si 
MAS-NMR. Figure 1b displays the 
29
Si NMR spectra of hybrid 
samples prepared using different EtOH/H2O ratios (0.0, 0.5 and 
1.0). The observed broad resonances at -48.5, -57.5 and -65.0 
ppm were assigned to T
1
 (–CH2Si(OSi)(OR)2, R = H or CH3), T
2
 (–
CH2Si(OSi)2(OR)) and T
3
 (–CH2Si(OSi)3) structural units, 
respectively, related to the polycondensation product of 
MPTS.
12
 Resonances related to TEOS polycondensation 
products were detected at -92.3, -101.0 and -109.5 ppm, 
corresponding to Q
2
 (Si(OSi)2(OR)2, R = H or CH2CH3), Q
3
 
(Si(OSi)3(OR)) and Q
4
 (Si(OSi)4) species, respectively.
13
 The 
absence of monomer species T
0
 (–CH2Si(OR)3) and Q
0
 (Si(OR)4) 
is in agreement with the cluster-cluster condensation 
mechanism, expected under strongly acid conditions.
13
 The 
proportions of T
J
 and Q
J
 species present in the hybrid 
nanocomposites were extracted from the spectra by a peak 
fitting procedure using Gauss functions to determine the 
relative peak area of each species. In agreement with the 
nominal proportions of TEOS to MPTS, the intensity ratio of 
Q
J
/T
J
 species was found to be approximately 2. The degree of 
condensation (Cd) of the inorganic phase was calculated from  
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Figure 1. 
13C NMR a) and 29Si NMR b) spectra of PMMA-SS hybrids prepared at EtOH/H2O molar ratios of 0.0, 0.5 and 1.0.  
the relative proportions of each TJ and QJ species according to 
the following equation: 
 
  
	

 
	

       Eq. 1 
 
The degrees of condensation extracted from the spectra were 
for all samples in the range of 78.6±0.5% to 83.0±0.5%. The 
data revealed the highest Cd value, of about 83%, for the 
sample prepared at an intermediate EtOH/H2O ratio (M4E05), 
indicating the existence of an optimum ethanol proportion, 
which results in highest connectivity of the inorganic network. 
As will be shown below, these results are supported by 
chemical shifts, obtained by XPS, indicating for the M4E05 
hybrid the formation densely branched silica cross-linking 
nodes. 
A closer analysis of the NMR spectra showed that the increase 
of the polycondensation degree, achieved at intermediate 
ethanol content, is principally caused by the increase of the 
fully condensed T
3
 species on the expense of dimeric T1 
structures and only to a lower extent by the increase of Q
4
 
species. This will be discussed in the following by correlating 
NMR data with nanostructural results obtained from SAXS 
measurements.  
SAXS intensity profiles corresponding to PMMA-SS 
unsupported films prepared at different EtOH/H2O ratios are 
displayed in Figure 2a. The shape of the scattering curves can 
be classified in two groups of samples: those prepared at 
intermediate and the others at extreme EtOH/H2O ratios. For 
the latter the SAXS pattern exhibits in the low q-region a small 
plateau marking the transition to a Gaussian decay, indicative 
for the Guinier regime, and an asymptotic linear trend at high 
q-range (q > 0.7 nm-1) with a slope -α ~ 1.8 - 2.1. Due to the 
decade range of linearity and to the low slope value, we 
assume that this regime is associated to the presence of a 
mass fractal structure with dimensionality D = -α.
14
 Moreover, 
the observed Guinier regime implies that the fractal constitute 
a dilute set of non-interacting object dispersed in a 
homogenous matrix. Considering for all samples a volume 
fraction of inorganic phase of less than 30% the scattering 
centers can be attributed to the silica-siloxane nano-aggregate 
embedded in the PMMA matrix.
15
 The shift of the plateau to 
higher q-values for the highest EtOH/H2O ratio indicates the 
decrease of size of the fractal aggregates.  
In contrast, the SAXS curves of samples prepared at 
intermediate EtOH/H2O ratios (M4E02 and M4E05) exhibit a 
discrete maximum that shifts to lower q values with decreasing 
EtOH amount. As displayed in the linear plot (inset of Figure 
2a), this peak is more evident for the M4E05 sample, while the 
maximum for M4E02 is at slightly below the minimum q value 
probed by the SAXS beamline setup. In a previous study this 
peak has been assigned to an interference effect in the X-ray 
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scattering amplitude produced by the existence of a spatially 
correlated set of isolated silica-siloxane particles (concentrated 
solution regime) embedded in homogeneous organic 
polymeric matrix.
16
 
To extract the nanostructural parameters, the same formalism 
based on the two-electron-density model and the spatial 
correlation of hard spheres, described by the semi-empirical 
equation proposed by Beaucage et al.
17
, was applied to fit all 
experimental SAXS curves. The procedure to extract by this 
model the average interparticle distance, d, the packing factor, 
k, the average gyration radius of the siloxane aggregates, Rg, 
and the Porod exponent, α, is detailed in a previous study (see 
Supplementary information).18 The best fits of the theoretical 
model to the experimental SAXS curves are displayed as 
continuous lines in Figure 2a. 
Among the structural parameters, extracted from the fitting 
procedure, the average gyration radius is an important value 
as it is indicative for the size of the scattering centers. The Rg 
and the polycondensation degree, Cd, are plotted in Figure 2b 
for hybrids prepared with different EtOH/H2O ratios. The 
isolated silica-siloxane particles present in the samples 
prepared at intermediate EtOH/H2O ratios show the lowest Rg 
values (∼0.8 nm), being almost three times smaller than those 
determined for average gyration radius of the silica-siloxane 
fractal aggregates presents in the M4E00 (2.1 nm) and M4E1 
(1.8 nm) samples.  Considering the latter hybrids, the similarity 
of the straight lines slope observed for q > 0.7 nm-1 suggests 
that both synthesis conditions lead to the same class of fractal 
aggregation growth process (Figure 2a). The relatively low 
branched open structure, expected for the low fractal 
dimensionality (D = -α ~ 2) is in agreement with NMR analysis, 
which shows similar low Cd values for both hybrid materials. 
However, the slope values determined from the fitting 
procedure indicate a significant decrease of α from -1.8 to -2.1 
when EtOH/H2O ratio increases from 0.0 to 1.0. The slope of -
1.8 corresponds to the mass fractal dimension (D = 1.8) of 
structures formed by the diffusion limited cluster-cluster 
growth (DLCC), while D = 2.1 is expected for reaction limited 
cluster-cluster growth (RLCC).19 This change from DLCC to RLCC 
is consistent with the low solubility of water in TEOS, which 
limited the condensation reaction by the diffusion of water 
molecule through the non polar medium of M4E00 sample. For 
samples with intermediate ethanol content the observed 
correlation peak suggests the formation of a densely cross-
linked hybrid network, consisting of compact silica-siloxane 
nodes. 
For a better understanding of the effect of ethanol on the 
formation of the inorganic phase, we correlated the ethanol 
content dependence of silica domains size (Rg), calculated from 
the SAXS data, with the NMR polycondensation degree of T
J
 
and Q
J
 species. To calculate Cd(T
J
) and Cd(Q
J
) the relative sub-
peak areas of the TJ as well as QJ spectra were renormalized to 
100%. Figure 2b shows that the increase of the 
polycondensation degree for intermediate EtOH/H2O ratios is 
mainly related to the connectivity increase of TJ species, the 
polycondensation product of MPTS. Consequently, the 
coincidence of the minimum of Rg with the maximum of Cd(T
J) 
reflects the enhanced polycondensation of hydrolyzed alcoxide 
groups of TEOS with those belonging to the MPTS coupling 
agent. The average gyration radii of M4E02 and M4E05 
samples are larger than those expected for the most stable 
polyhedral structure, which is the cube-like octamers Q
8
3
 (Rg ≈ 
0.22 nm).19 In fact the relative abundance of TJ species at an 
average radius of about 0.8 nm, found for these samples, can 
be explained by the presence of building block (Q
8
3−4
T
3
3
 or 
Q
8
3−4
T
4
2
) formed by the addition of the Q
8
3
 cube to the surface 
of cyclic T2 species ( T
3
2
 trimers or T
4
2
 tetramers).19 Thus the 
enhanced connectivity of the hybrid network, consisting of 
dense silica-siloxane cross-link nodes bridged by short 
polymeric chains explains the improved thermal stability of 
samples prepared at intermediate EtOH/H2O ratios 
(Supporting information, Figure S1). The short distance 
between silica nodes (d = 4.6 nm), found from the fitting 
procedure, which is less than three times the node size (2Rg = 
1.8 nm), coupled with the low packing factor, k = 0.3, suggests 
that hybrid network of sample M4E05 is formed by relatively 
low number density of compact silica-siloxane crosslinks, 
densely interconnected by PMMA chains. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. a) Fitted SAXS intensity profiles I(q) for PMMA-SS hybrids prepared at different EtOH/H2O molar ratios (Inset: linear scale intensities). b) Silica-siloxane 
domain size (Rg) and polycondensations degree Cd, Cd(T
J) and Cd(Q
J) as a function of EtOH/H2O molar ratio. The solid curves are guides for the eye. The errors bars are 
within in the size of the symbols. 
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The quantitative XPS analysis confirmed the formation of 
PMMA-SS hybrids with a fixed fraction between the organic 
and inorganic phase, in good agreement with the nominal 
MMA : MPTS : TEOS proportion of 4 : 1 : 2, corresponding to 
58.7 at.% carbon, 34.8 at.% oxygen and 6.5 at.% silicon. The 
influence of the EtOH/H2O ratio on chemical bonding structure 
of the coated samples was investigated by the deconvolution 
of the XPS C 1s, O 1s and Si 2p spectra, shown in Figure 3a. The 
scheme, displayed in Figure 3b, illustrates schematically the 
hybrid structure formed from MMA, MPTS and TEOS 
precursors. The following four components of the C 1s 
correspond to different chemical environments of carbon: the 
hydrocarbon sub-peak (C-C) at 284.8 eV, the C-COO sub-peak 
at 285.6 eV, corresponding to second neighbor interaction 
chemical shift of the carbon linked to the adjacent ester group, 
the ether group component (C-O) centered at 286.4 eV and 
the ester group sub-peak (O-C=O) at 288.8 eV.20 The constant 
intensity ratio of these components (C-C : C-COO : C-O : O-C=O 
= 2.5 : 1 : 1 : 1), observed for all samples, reflects the fixed 
proportion of carbon atoms in the respective bonding states 
given by the fixed MMA to MPTS ratio of 4. It should be noted 
that the binding energy reference was fixed on the well known 
position (288.8 eV) of the ester sub-peak (Fig. 3a). The fitted O 
1s spectra show the three bonding environments of oxygen: 
the main sub-peak at about 532.8 eV is related to O-Si bonds 
and the other two to oxygen atoms of the ester group, already 
identified in the C 1s spectra, located at 532.1 eV (O-C=O) and 
533.8 eV (O-C=O).
18
 The intensity ratio of these sub-peaks of 
O-Si : O-C=O : O-C=O = 1.2 : 1 : 1, observed for all samples, is in 
agreement with the fixed proportion between MMA, MPTS 
and TEOS (4 : 1 : 2).  Finally, the single component of the Si 2p 
spectra is related to Si-O bonds.  
Analyzing in more detail the fitted O 1s and Si 2p spectra upon 
variation of the EtOH/H2O ratio, a clear shift of the position of 
Si-O (Si 2p) and O-Si (O 1s) sub-peaks can be observed. Plotting 
now for all samples the binding energy of the Si 2p peak vs. the 
O-Si component (O 1s), a linear relationship was obtained 
(Figure 4a). The shift to higher binding energies indicates an 
increasing covalent character of the O-Si bond paired with an 
increasing oxidation state of silicon, moving to a more 
stoichiometric silica phase (103.5 eV).20 It is interesting to 
note, that hybrid samples prepared at an intermediate 
EtOH/H2O ratio of 0.5 show the highest binding energies, 
indicative for a high connectivity of the inorganic phase, as 
evidenced by SAXS. This hypothesis was confirmed by a 
correlation of XPS and NMR data, showing a linear 
dependence between the Si-O sub-peak position and the 
polycondensation degree (Cd) (Figure 4b). This interesting 
result shows first that XPS and NMR chemical shifts scale 
linearly and second that it is possible to determine the degree 
of connectivity of inorganic phases more rapidly (10 min) from 
XPS spectra than 29Si NMR measurements, taking about 3 days 
at the used conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. a) Fitted XPS, C 1s, O1s and Si 2p spectra of PMMA-SS obtained for three different EtOH/H2O molar ratios: 0, 0.5 and 1.0 b) Scheme illustrating the hybrid 
structure formed from MMA, MPTS and TEOS precursors. 
a) b) 
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Figure 4. EtOH/H2O ratio dependence of a) XPS binding energies of the Si-O sub-peak (Si 2p) vs. the O-Si component (O 1s) and b) polycondensation degree Cd of NMR 
data vs. the XPS binding energy of the Si-O sub-peak (Si 2p). 
Additional information on the overall connectivity of the 
hybrid network was obtained from thermogravimetric 
measurements (TG, Supporting Information, Figure S1). TG and 
DTG (first derivative) results showed that the material starts to 
degrade at about 150 °C and decomposes completely at ~400 
°C by random scissions of the polymer chains.
21,22
 It is worth 
pointing out that hybrids prepared at intermediate EtOH/H2O 
ratios exhibit a superior thermal stability by shifting the begin 
of degradation to higher temperatures (~50 °C) and by 
suppressing the rate of intermediate degradation events, 
associated with the rupture of the head-to-head segments 
(~250 °C) and to unsaturated chain ends (~310 °C).
21,22
 These 
findings suggest a substantial increase of the thermal stability 
of hybrids formed at intermediate EtOH/H2O ratios, in 
agreement with results obtained from 
13
C and 
29
Si NMR 
experiments. 
Considering the structural data, the correlation of NMR, SAXS, 
XPS and TG/DTG results provided clear evidence that hybrids 
prepared at intermediate EtOH/H2O ratios form a structure of 
ramified inorganic domains interconnected covalently by a 
dense network of the short polymeric chains. Consequently, it 
was expected that these structural properties might lead to a 
substantial improvement of the mechanical and anticorrosive 
properties of the material. 
 
Mechanical properties 
All hybrid films were transparent, defect free and presented a 
very smooth feature free surface (RMS roughness ≈ 0.5 nm), 
indicating the formation of a dense and homogeneous layer 
(Supporting information, Figures S2a and S2b). Depending on 
the ethanol to H2O ratio, the film thickness varied in the range 
of 1.5 - 2.0 µm.  
The tensile pull-off force of detaching, determined by the 
ASTM D4541 method, was for all coatings in the range of 3.6 – 
4.0 MPa, indicating a very good adhesion of the film to the 
substrate. This is a consequence of the covalent interaction 
between the steel substrate and the silanol groups of the 
inorganic part of the hybrid. The results of this method are in 
agreement with complementary results, determined by 
scratch test measurements, which provided the friction 
coefficient and critical loads for plastic deformation and 
cracking. No film delamination was observed on the 1 mm 
track with loads up to 100 mN (Figure 5a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Scratch results of coated steel samples prepared at EtOH/H2O = 0.5: a) 
track distance dependence of the tangential force response (Ft), penetration 
depth (Pd) and the residual depth (Rd); b) and c) optical microscopy image of the 
scratch track, indicating the critical loads for the begin of crack formation (1) and 
the begin of formation of larger cracks (2), respectively. 
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Figure 5a displays a representative scratch test data set of the 
coated M4E05 sample, including the track dependence of the 
tangential force response (Ft), penetration depth (Pd) and the 
residual depth (Rd). The Rd value of about 2 µm is comparable 
with the thickness for the coating. The critical loads for 
beginning crack formation (Figure 5b) and the appearance of 
first large cracks (Figure 5c), determined from optical 
microscopy images of the scratch track, were similar for all 
coated samples (Supporting information, Table S1). The 
friction coefficient was in the range of 0.5 - 0.7, similar to that 
of carbon steel (0.6). The absence of film delamination 
confirmed the results of ASTM D4541 adhesion tests, showing 
an excellent adhesion of the hybrid coatings to the metallic 
surface. 
The nanoindentation experiments have shown for all samples 
that the coating hardness was in the range between 311.0 ±5.0 
MPa (M4E00) and 321.3 ± 5.6 MPa (M4E1), values about 30% 
higher than that of PMMA (220 – 260 MPa), however 
significantly lower than amorphous SiO2 (7 – 9 GPa). The Young 
modulus was in the range between 5.4 ±0.1GPa (M4E00) and 
6.3 ±0.1 GPa (M4E1), somewhat higher than pure PMMA (1.8 – 
3.1 GPa), but considerable lower than the elastic modulus of 
silica (75 GPa). These values are in agreement with those 
expected for a PMMA-SS hybrid that is composed by more 
than 70% of polymethacrylate groups.  
 
 
Corrosion Analysis 
The corrosion protection efficiency of the coatings, prepared 
using different EtOH/H2O ratios, was evaluated using 
electrochemical impedance spectroscopy curves, recorded 
after 1 day of immersion in saline and saline/acidic 
environment as well as after long-term exposure to both 
solutions. Figure 6 shows the complex plane impedance and 
the Bode plots (log |Z| and θ vs. log f) for bare carbon steel,  
M4E00, M4E02, M4E05, M4E07 and M4E1 hybrid coatings. 
Compared to the bare steel substrate, the coated samples 
show about 5 orders of magnitude higher impedance modulus, 
reaching for the M4E07 sample almost 5 GΩ cm2 in saline  
environment (Figure 6b). This value is about one magnitude 
higher than that reported recently for PMMA-SS hybrids for 
MMA to MPTS molar ratio of 8.5 It is interesting to note that all 
coated samples showed a phase angle dependence (Figure 6c) 
with θ < -80° extending over 4 orders of magnitude, suggesting 
a capacitive behavior with strongly blocking character. The 
form of the phase angle curves hints on the presence of two 
time constants, one in the high frequency range (~1 kHz), and 
a second in the low frequency (~0,5 Hz). It is important to 
stress that this electrochemical performance, featuring 
elevated impedance modulus and almost pure capacitive 
behavior over a range of about 4 orders of magnitude 
approaches the behavior of high performance paints, however 
achieved with about 100 times smaller thickness. 
 
Figure 6. Complex plane impedance (a), impedance modulus (b) and phase angle plots (c) of bare carbon steel and PMMA-SS hybrid coated steel prepared at 
EtOH/H2O ratios in the range of 0.0 - 1.0, after 1 day exposure to unstirred and naturally aerated 3.5 % NaCl. (d) Schematic representation of 
substrate/coating/electrolyte system and the equivalent circuit used to fit the EIS data.
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Despite of the excellent barrier properties observed after one 
day of exposure, the crucial point for applicability of a 
protective coating is its long-term stability in the aggressive 
environments. Even for thick, homogeneous and highly 
hydrophobic coatings, like paints and chromates, a long-term 
corrosion cannot be completely prevented, principally due 
intrinsic structural defects and low levels of residual porosity. 
Regarding the protective organic-inorganic hybrid sol-gel 
coatings a recent review concludes that after a detailed 
analysis of a large set of publications no studies on the time 
dependence of the barrier properties were found.
23
 However, 
the following results obtained for PMMA-SS hybrids show that 
considerable durability and thus a significant increase of 
product lifetime, which is of extreme economical importance, 
can be achieved using a very thin, low-cost and 
environmentally compliant organic-inorganic coating system. 
Figure 7 displays the time dependence of the hybrid coating 
M4E02, presenting the highest stability in saline and acidic 
NaCl solution. The Nyquist and Bode plots show only a very 
small decrease of the barrier properties, after more than 6 
month of exposure to saline solution (NaCl 3.5%) and more 
than 3 months in the acidic NaCl medium. Similar corrosion 
protection efficiency was observed for the M4E05 coating (> 2 
months in saline medium), while all other films resisted for 
several weeks the aggressive media. The most relevant fact is 
that this performance was achieved without addition of 
corrosion inhibitors for a coating thickness of only ~2 µm. 
Comparable corrosion protection efficiency in saline medium, 
presenting coating resistance of up to 2 x 10
10
 Ω cm
2 
over 6 
months were reported for a silicon polyester coated galvanized 
steel system, though for a film thickness of 25 µm.
24
 In terms 
of long-term stability, a durability of more than 10 months in 
3.5% saline solution was recently achieved for PMMA-SS 
coatings doped with cerium (IV), which was used as corrosion 
inhibitor.
25
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Complex plane impedance (a), impedance modulus (b), and phase angle (c) plots of the M4E02 sample after exposure of up to 196 days (1) exposure in 
naturally aerated 3.5 % NaCl, and up to 105 days (2) in 0.05 mol L
-1
 NaCl + 0.05 mol L
-1
 H2SO4 solution.   
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Figure 7 displays the time dependence of the hybrid coating 
M4E02, presenting the highest stability in saline and acidic 
NaCl solution. The Nyquist and Bode plots show only a very 
small decrease of the barrier properties, after more than 6 
month of exposure to saline solution (NaCl 3.5%) and more 
than 3 months in the acidic NaCl medium. Similar corrosion 
protection efficiency was observed for the M4E05 coating (> 2 
months in saline medium), while all other films resisted for 
several weeks the aggressive media. The most relevant fact is 
that this performance was achieved without addition of 
corrosion inhibitors for a coating thickness of only ~2 µm. 
Comparable corrosion protection efficiency in saline medium, 
presenting coating resistance of up to 2 x 10
10
 Ω cm
2 
over 6 
months were reported for a silicon polyester coated galvanized 
steel system, though for a film thickness of 25 µm.
24
 In terms 
of long-term stability, a durability of more than 10 months in 
3.5% saline solution was recently achieved for PMMA-SS 
coatings doped with cerium (IV), which was used as corrosion 
inhibitor.
25 
To quantify the electrochemical parameters of the processes 
taking place during the long-term exposure, the equivalent 
circuit, shown in Figure 6d, was used to fit the experimental 
data for the M4E02 and M4E05 samples. According to this 
circuit, the EIS curves were fitted using two time constants: R1 
and CPE1 refer to the high frequency resistance and constant 
phase element of the upper film layer (small initial paths), as 
expected for the uptake process, while R2 and CPE2 are related 
to the low frequency resistive and capacitive response of the 
layer close to the coating/steel interface.4,26 The derived model 
parameters are summarized in Table S2 of the Supplementary 
information. Both samples (M4E02 and M4E05) present high 
values of the R1 and R2 (>10
7 Ω cm2), characteristic for a high-
performance corrosion barrier. The time dependence of the 
circuit parameters shows for the M4E02 coating an almost 
unchanged R1 value of the uptake zone and a slight decrease 
of R2, related to the extension of the electrolyte uptake 
towards the coating/steel interface. In contrast to the 
corrosion process in saline solution, where the drop of R2 takes 
place after two weeks of exposure, the diffusion process is 
continuous in the case of contact with the saline/acidic 
environment (Figure 7b2).  
 According to the electrochemical tests, the performance 
against corrosion in neutral saline and saline/acidic media was 
established in the following order: M4E02 > M4E05 ≈ M4E07 > 
M4E00 > M4E1 >> Steel. This result can be related to the 
higher network connectivity in the intermediate range of the 
EtOH/H2O ratio, as suggested by the correlation of NMR, SAXS 
and XPS data. The covalent interaction on the molecular scale 
of a highly cross-linked inorganic phase, formed by sub-
nanometric silica particles, with the completely polymerized 
organic moieties leads to a hybrid nanocomposite material 
with elevated overall connectivity, responsible for the 
excellent thermal and barrier properties of the coatings. The 
high corrosion resistance (> 1 GΩ), the broad capacitive phase 
angle dependence and the excellent long-term stability, 
principally in neutral chloride medium, highlight the 
exceptional performance of these coatings for wet corrosion 
protection. 
Conclusions 
Smooth, defect-free and optically transparent PMMA-siloxane-
silica hybrid coatings, prepared by the sol-gel route at different 
ethanol to water ratios (0.0 – 1.0), were deposited onto 
carbon steel from a sol prepared by acid-catalyzed hydrolytic 
polycondensation of TEOS and MPTS and radical 
polymerization of MMA. NMR results have shown a complete 
polymerization of the organic phase and evidenced a high 
polycondensation degree of the inorganic silica-siloxane nodes 
of up to 83% for samples prepared at intermediate EtOH/H2O 
ratios. SAXS results revealed that the high connectivity of the 
inorganic network in this ethanol concentration regime is 
induced by the hydrolytic polycondensation of reticulated 
nanometric silica domains densely interconnected by short 
PMMA chains. The consequence is an increase of the overall 
network connectivity, leading to a substantial improvement of 
the mechanical, thermal and electrochemical properties of the 
material. A correlation between the XPS and NMR data was 
found, showing a linear relationship between the XPS binding 
energies of the Si-O sub-peak of the Si 2p and O 1s spectra and 
the NMR polycondensation degree, confirming the formation 
of a highly branched silica-siloxane nodes reaching almost the 
silica stoichiometry. These dense and homogenous coatings 
with a thickness of only ~2 µm have an elevated adhesion to 
metallic substrates and provide excellent barrier properties 
with elevated impedance of up to 5 x 10
9
 Ω cm
2
 and a very 
good durability of more than 6 months in contact with neutral 
saline and 3 months in acidic NaCl solution. Based on these 
results, sol-gel PMMA-SS hybrids can be considered as very 
promising candidates for environmentally friendly substitutes 
of chromate-based protective coatings. 
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Equation 1
     
Equation 2     
Scheme S1. Hydrolysis and condensation reactions of the sol-gel process.
Method of the SAXS analysis
Assuming an isotropic system of a set isolated silica-siloxane particles nanoparticles embedded in a 
homogeneous PMMA matrix, with a spatial correlation evidenced by the maximum in the ME05, the 
experimental SAXS intensity was fitted by the semi-empirical function proposed by Beaucage:17 
I(q) = [G exp(-q2 Rg2 /3) + B[[erf(q Rg √6)]3/q ]α] S(q)    (1)
where Rg is the Guinier radius of gyration of the isolated nanoparticles. For a two-electron density 
model, G and B are are adjustable parameters given by G = N (p - m)2 V2 and B = 2π (p - m)2 A, where 
N is the number of particles per unit volume, V is the particle volume, A is the interface area between 
the particles and the matrix and (p and m) are average electron densities of the particles and the 
matrix, respectively.
In Eq. (1), the asymptotic Guinier and Porod laws are merged. The erf function acts as a low q cut-off 
that brings to zero the Porod law contribution at a point depending on the Rg parameter. For a system 
with a diluted set of nanoparticles the interference effects of intensity scattered by each particle is 
absent and structure function is equal to unity S(q) = 1. 
In the case of semi-diluted the interference effect was take accounts considering the structure-function 
S(q) for spherical particles, in which the only correlation is a hard sphere interaction, is given by 17 :
S(q) = 1/(1 + k θ)               (2)
The packing factor k describes the degree of correlation that measures the number of nearest neighbour 
particles and is equivalent to 8V/V0 where V is the average “hard-core” volume and V0 is the average 
available volume for each sphere. The form function, θ, depends on the average inter-particle distance, 
d, as follows:
θ (q) = 3[sin(qd) – q d cos(q d)]/(q d)3                                                     (3)
where d is the average distance between nanoparticles. Equation (3) was derived for systems of 
identical spatially correlated nanoparticles, but it is usually also applied, to systems of correlated 
particles with a narrow or moderate width of size distribution.
The experimental SAXS curves were fitted with equation (1) using a no linear least square procedure, 
leading to the continuous lines displayed in Fig. 2.
Figure S1. DTG and TG (inset) curves of PMMA-SS hybrids, prepared at EtOH/H2O molar ratios ranging from 0.0 to 
1.0, indicate the existence of four degradation stages: rupture of the head-to-head segments at ~250 °C (d1) and to 
unsaturated chain ends at ~310 °C (d2), random scissions of the polymer chains ~400 °C (d3) and partial dehydration 
of residual silanol groups ~480 °C (d4).
Figure S2. a) Representative image of the PMMA-SS hybrid coated carbon steel, and b) AFM topography of the flat 
and featureless surface of sample M4E05.
Table S1. Critical loads observed for the scratch events for hybrid films prepared with different EtOH/H2O ratios.
Critical loads (mN)
Event / Sample M4E00 M4E01 M4E02 M4E05 M4E1
Plastic deformation 1.7 ±0.6 0.4±0.1 0.4±0.1 1.0 ±0.9 0.3 ±0.1
Initial cracks 21.8 ±0.6 19.5±0.5 17.5±1.0 19.2 ±0.2 17.5 ±1.2
Film delamination not observed Not observed not observed not observed not observed
a) b)
Table S2. Parameters of the electrical equivalent circuit for sample M4E05 after 1 day exposure and M4E02 after 1 
day and 196 days immersion in neutral 3.5% NaCl solution.
Sample M4E05 (1day) M4E02 (1day) M4E02 (196 days)
 2 1.9 x 10-4 0.63 x 10-3 1.6 x 10-3
R1 ( cm2) 1.63 x 107 (5.80) 2.37 x 107  (13.9) 2.05 x 107 (7.87)
CPE1 (F cm-2 sn-1) 4.50 x 10-9  (0.50) 2.08 x 10-9   (1.07) 2.71 x 10-9 (1.70)
n1 0.97  (0.10) 0.97   (0.12) 0.95 (0.22)
R2 ( cm2) 1.68 x 109  (1.00) 4.59 x 109   (5.25) 7.26 x 108 (1.78)
CPE2 (F cm-2 sn-1) 2.3 x 10-9  (0.86) 2.19 x 10-9   (0.75) 3.69 x 10-9 (1.29)
n2 0.69  (0.39) 0.56   (0.92) 0.69 (1.04)
Values between brackets represent the fitting errors (%).
